Pten, a gene associated with autism spectrum disorder, is an upstream regulator of receptor tyrosine kinase intracellular signaling pathways that mediate extracellular cues to inform cellular development and activity-dependent plasticity. We therefore hypothesized that Pten loss would interfere with activity dependent dendritic growth. We investigated the effects of this interaction on the maturation of retrovirally labeled postnatally generated wild-type and Pten knockout granule neurons in male and female mouse dentate gyrus while using chemogenetics to manipulate the activity of the perforant path afferents. We find that enhancing network activity accelerates the dendritic outgrowth of wild-type, but not Pten knockout, neurons. This was specific to immature neurons during an early developmental window. We also examined synaptic connectivity and physiological measures of neuron maturation. The input resistance, membrane capacitance, dendritic spine morphology, and frequency of spontaneous synaptic events were not differentially altered by activity in wild-type versus Pten knockout neurons. Therefore, Pten and its downstream signaling pathways regulate the activitydependent sculpting of the dendritic arbor during neuronal maturation.
Sculpting of circuits by activity plays an important role in determining anatomical and functional connectivity in the developing brain (Katz and Shatz, 1996) . The signal cascades regulated by Pten mediate the cellular response to activity. Postsynaptic protein translation driven by growth factors and glutamate binding to NMDA receptors or mGluRs relies on the Ras/ERK and AKT/mTOR signaling cascades to link activity to manifestations of plasticity (Banko et al., 2006; Kelleher et al., 2004; Tang et al., 2002) . These signaling cascades are also important drivers of dendrite outgrowth and spine morphology (Jaworski et al., 2005; Kumar et al., 2005) . In an in vivo model of mTOR hyperactivation, dendritic overgrowth was rescued by normalizing downstream protein translation (Lin et al., 2016) , implicating the same activitydependent signaling cascades in synaptic plasticity and dendritic morphogenesis.
The dentate gyrus provides a tractable system to study the intersection of genes and activity in development. The majority of granule neurons are generated postnatally (Bayer, 1980) , making newborn neurons genetically accessible in postnatal mice using retroviruses (Moloney Murine Leukemia Virus) which specifically target mitotic cells (Roe et al., 1993) . The development and maturation of these neurons is well characterized in the wild-type brain (Espósito et al., 2005; Piatti et al., 2006; Toni and Schinder, 2016) . During these neurons' maturation and integration into the synaptic circuitry, afferent activity promotes dendrite outgrowth and synapse formation (Alvarez et al., 2016; Bergami et al., 2015; Piatti et al., 2011) . Therefore, postnatally generated granule neurons are both genetically accessible and sculpted by activity, making them ideal for the study of activitydependent development.
Here, we tested the hypothesis that Pten function regulates the ability of network activity to inform neuronal development. We used a retroviral strategy to simultaneously knock out Pten and label a subset of newborn granule neurons while concurrently using an adeno-associated virus (AAV) to express the excitatory hM3D (Gq) -DREADD (Armbruster et al., 2007) in the entorhinal cortex to drive perforant pathway activity during development. We found that developing wild-type and Pten knockout neurons respond differently to increased network activity. While activity stimulates wild-type neurons to increase dendritic branching and, Pten knockout arbors have increased branching but no change in length. The effects of increased afferent activity on spine morphology were similar in wild-type and Pten knockout cells. The differences in activity-dependent dendrite remodeling imply impairments in the cell-intrinsic regulation of excitability and the activity-informed sampling of synaptic territory in Pten-deficient neurons.
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Methods
Animals. Pten f lx/f lx animals of both sexes (Table 1) were injected at 7 days old with 0.5-2µl of AAV-syn-hM3D-mCherry at a titer of 4.5×10 12 vg/ml. Virus was obtained externally (University of North Carolina Vector Core) or packaged ourselves (Addgene #50474). The following coordinates were used to target the entorhinal cortex (from lambda, in mm): x=±3.6, y=-0.4, z=-2.0--1.0 from the surface of the skull at (x,y). No distinction was made between animals in which hM3D was expressed in the lateral, medial, or both entorhinal areas. The retroviruses pRubi (Addgene #66696), pRubi-G-T2A-Cre (Addgene #66693), or pRubi-C-T2A-Cre (Addgene #66692; (Williams et al., 2015) , were injected into the dentate gyrus at a titer of 1-7×10 9 vp/ml at the following coordinates (from lambda, in mm): x=±1.3, y=1.55, z=-2.3--2.0.
Mice received IP injections of 1mg/kg of the DREADD agonist CNO (10mg/ml in 0.5% DMSO and 0.9% saline) or of an equivalent volume of vehicle (0.5% DMSO in 0.9% saline) twice daily at intervals of 12±2 hours from 7-16 days following virus injection.
Morphological analysis. Morphological analysis of retrovirally labeled granule neurons
was carried out according to previously published protocols (Williams et al., 2015; Williams et al., 2016) . Mice were over-anesthetized with an intraperitoneal injection of 2% avertin in phosphate-buffered saline (PBS) prior to transcardial perfusion with chilled PBS containing 4% sucrose followed by chilled fixative (PBS containing 4% sucrose and 4% paraformaldehyde).
Brains were post-fixed overnight in fixative at 4°C before sectioning into slices of 150-200µm for immunohistochemistry and dendritic arborization analysis and 50μm thickness for immunohistochemistry and dendritic spine analysis. Immunohistochemistry protocols were carried out as previously described (Fricano et al., 2014) . Free-floating sections were permeabilized in PBS containing 0.4% Triton-X 1000 (PBS-T) then blocked in PBS-T containing 10% DHS. Primary and secondary antibody incubations were performed at the following concentrations: anti-GFP 1:3000, anti-RFP 1:500, anti-pS6 1:100, and all secondaries 1:200.
Only neurons on the suprapyramidal blade of the septal dentate gyrus were analyzed. Slides were imaged on an LSM510 confocal (Zeiss) with a 20× objective for dendritic arborization and a 63× objective for dendritic spines. Complete arbors contained within a single section were manually reconstructed and analyzed using Neurolucida (MicroBrightField). Dendritic spine images were deconvolved using DeconvolutionLab (Sage et al., 2017) . Using NeuronStudio (Rodriguez et al., 2008) , protrusions along a >10μm section of dendrite were counted, measured, and classified. Protrusions were defined as thin if their length was ≥2.5 times greater than their neck width or if their head diameter was both ≥1.1 times greater than their neck diameter and <0.18 μm. Stubby spines were those <2.5 times longer than they were wide or J o u r n a l P r e -p r o o f Journal Pre-proof with a head diameter <1.1 times greater than their neck diameter. Mushroom spines were those with a head ≥1.1 times wider than their neck and a head diameter ≥0.18 μm. A custom PowerShell script "do_science" was written to extract all NeuronStudio data generated in *.txt format into summary *.csv files that can be opened and analyzed with statistical software.
Electrophysiology. Mice were over-anesthetized with an intraperitoneal injection of 2% avertin in phosphate-buffered saline, then perfused transcardially with chilled solution containing (in mM): 110 choline-Cl, 10 dextrose, 7 MgCl 2 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 1.3 Naascorbate, and 25 NaHCO 3 and bubbled with 95% O 2 -5% CO 2 . 290µm-thick slices were generated and rested at 34°C for 30 min in artificial cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 25 dextrose, 2 CaCl 2 , and 1 MgCl 2 .
Recordings were performed at 37°C in aCSF. The intracellular solution used for all current clamp recordings and to record intrinsic properties and sEPSCs contained (in mM): 115 Kgluconate, 10 HEPES, 2 EGTA, 20 KCl, 2 Mg-ATP, 10 Na-phosphocreatine, 0.3 Na 3 -GTP.
Voltage-clamped cells were held at -90mV. sEPSCs were detected from at least 5 minutes of recording in the presence of the GABA A blocker SR95531 (10µM). Recordings and analysis were performed using AxographX software. Only neurons of the suprapyramidal blade were analyzed. Intrinsic membrane properties were determined from a 40ms voltage step of +10mV. sEPSCs were automatically detected using a sliding variable-amplitude template with the following parameters: 1ms rise, 6ms decay, -25pA amplitude, minimum separation of 10ms, and threshold/noise ratio of 3. Detected sEPSCs were then manually filtered to remove false positives. The reported sEPSC shape is the average of all events detected for a given cell. Rise time is the time from 10-90% of the peak amplitude. Decay was measured by fitting a single exponential to the portion of the trace following the peak.
Analysis. Sample sizes were based on similar previously published experiments. Unless otherwise stated, all experiments were analyzed by a 2-tailed 2-way ANOVA with post-hoc Tukey-corrected comparisons of all experimental groups. All analyses were performed using Prism 7 (Graphpad). All reagents and software are listed in Table 1 .
Table1. Materials

Reagent
Source Identifier
Antibodies
Chicken anti-GFP (Rodriguez et al., 2008) into the dentate gyrus to label newborn neurons and an AAV expressing the excitatory designer receptor exclusively activated by a designer drug (DREADD) hM3D (Gq) (Armbruster et al., 2007) into the entorhinal cortex ( Figure 1A-B ). The viral injections were performed at post-natal day 7 (P7) and mice were administered intraperitoneal injections of the DREADD agonist CNO (1mg/kg) or vehicle at ~12-hour intervals from 7-16 days following virus injection (DPI;
corresponding to ages P7 through P23). To confirm that the DREADD increased activity in the entorhinal cortex, we used immunohistochemistry to evaluate levels of phosphorylated S6 (pS6), an indicator of neuronal activity (Knight et al., 2012) . At 16 DPI, we observed increased somatic pS6 labeling in the entorhinal cortex of CNO-treated animals ( Figure 1C ). To confirm increased neuronal excitability, we used whole-cell patch clamp to record action potential frequency in response to current injections in hM3D-expressing neurons in acute brain slices from drug-naïve animals. Bath-applied CNO increased firing of hM3D-expressing cortical neurons in a dose-dependent manner ( Figure 1D -E).
Pten regulates activity-driven dendrite growth
We whether increased network activity differentially affected the dendritic growth of WT and Pten knockout neurons. To knock out Pten in developing granule neurons, we injected the retrovirus pRubi-G-T2A-Cre, which expresses Cre recombinase and cell-filling GFP, into the dentate gyrus of Pten f lx/f lx mice. We reconstructed the dendritic arbors of 16-day-old retrovirally labeled wild-type and Pten knockout granule neurons from animals in which the entorhinal cortex was chemogenetically activated from 7-16 DPI (n = neurons(animals), WT 35(5), Pten KO 32(4); Figure 2A ). These were compared to animals which received vehicle injections instead of CNO (n = WT 45(4), Pten KO 40 (5)). Afferent activity increased the complexity of wild-type dendritic arbor as measured by a Sholl analysis ( Figure 2B , 2-way ANOVA, p < 0.0001). However, afferent activity had only a modest effect on the Pten KO dendritic arbor ( Figure 2B , p < 0.05). The effect of activity on the wild-type Sholl analysis was much greater than on the Pten KO ( Figure 2B , p < 0.0001). Qualitatively, branch order analysis revealed that Pten knockout had the largest effect o increasing the number of primary dendrites while afferent activity affected secondary and tertiary dendrite growth.
Across conditions, nearly all (79/80) WT granule neurons had a single primary dendrite.
Most Pten knockout neurons (54/72) had two or more. The number of primary dendrites ( Figure   2C ) was increased by Pten knockout, but not by afferent activity (2-way ANOVA, Pten p < 0.0001, treatment p = 0.3853, interaction p = 0.5192), indicating that the increased activity in this paradigm is insufficient to induce the formation of new primary dendrites.
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Journal Pre-proof Similar to the Sholl analysis, activity increased the total length of wild-type dendritic arbors but had no effect on Pten knockout dendritic arbors ( Figure 2D ; in μm: WT veh 499±22, WT CNO 843±43, Pten KO veh 982±65, Pten KO CNO 1085±67). Post-hoc analysis revealed that activity increased dendrite length in WT (Tukey's test, p < 0.0001) but not Pten KO (p = 0.4962) neurons. By contrast, activity increased dendritic branch formation across both genotypes ( Figure 2E ; WT veh 4.53±0.20, WT CNO 8.37±0.39, Pten KO veh 7.20±0.61, Pten KO CNO 10.72±0.91; 2-way ANOVA: Pten KO p < 0.0001, treatment p < 0.0001, interaction p = 0.7714). The activity-induced increases in branch formation were of similar magnitude in WT (+3.84±0.76 branches, 95% CI (1.874-5.802), Tukey's post-hoc p = 0.0020) and Pten knockout (+3.52±0.80 branches, 95% CI (1.452-5.585), p = 0.0246) neurons.
To control for effects of CNO or clozapine we treated animals with retrovirally labeled wild-type granule neurons, but in which hM3D was not expressed, with either vehicle or CNO from 7-16 DPI (Supplemental Figure 1 ). CNO alone had no effect on dendrite length or spatial distribution of the arbor as measured with a Sholl analysis. However, CNO treatment increased the number of branches in the arbor (Veh: n = 31 neurons from 4 animals, 7.8±0.37 branch points; CNO: n = 26 neurons from 3 animals, 9.0±0.31 branch points; 2-tailed t-test p = 0.0171).
The difference was of smaller magnitude than that observed between CNO-and veh-treated animals with hM3D expression in the EC (+1.20±0.49 branch points, 95% CI (0.2219-2.178)).
A developmental window for activity-driven dendrite growth
Chemogenetic activation of the perforant path from 7-16 DPI increased the length of the dendritic arbor in WT neurons, but not in Pten knockout neurons. Because this was in the midst of a sensitive window for activity-dependent arborization (Alvarez et al., 2016; Piatti et al., 2011) , we tested whether stimulation at a later timepoint would have the same effect. Using the same experimental system, we chemogenetically activated the perforant path from 15-24 DPI and examined dendritic arborization ( Figure 3 ; n = neurons(animals) WT veh 41 (7), WT CNO 28 (7), Pten KO veh 38(8), Pten KO CNO 33 (7)). The Pten KO remained more complex arbors in the Sholl analysis compared to wild type ( Figure 3B ; p<0.0001). However, activity had only a modest, if any effect in the Sholl ( Figure 3B ; WT, p<0.001; Pten KO p=0.0553). Similar to the earlier timepoint, at 24-day-old, WT neurons had a single primary dendrite. Pten knockout, but not perforant path activity, increased the number of primary dendrites ( Figure 3C ; 2-way ANOVA: Pten p < 0.0001, treatment p = 0.2080, interaction p = 0.2080). The total length of the dendritic arbor mirrored the results from the Sholl analysis ( Figure 3D ; 2-way ANOVA Pten p < 0.0001, treatment p = 0.0311, interaction p = 0.1692): Pten knockout neurons had larger arbors than WT neurons (in μm: WT veh 1121±43, WT CNO 1171±49, Pten KO veh 1392±73, Pten KO J o u r n a l P r e -p r o o f CNO 1615±75; Tukey's post-hoc: Pten KO veh vs. WT veh p = 0.0070, Pten KO CNO vs. WT CNO p < 0.0001), while perforant path activation trended toward increasing arborization in Pten KO neurons (p = 0.0560), without affecting WT neurons (p = 0.9451). The number of branch points in the arbor ( Figure 3E ; WT veh 7.83±0.36, WT CNO 9.03±0.48, Pten KO veh 11.42±0.71, Pten KO CNO 11.82±0.66) was increased by Pten knockout (2-way ANOVA: p < 0.0001) but not perforant path activation (treatment p = 0.1687, interaction p = 0.4862). In both the vehicle (Tukey's post-hoc: p < 0.0001) and CNO (p = 0.0094) treatment groups, Pten knockout increased the number of dendritic branches. These data demonstrate that arbors from more mature neurons no longer elaborate in response to increased afferent activity. However, Pten loss causes dendritic arbors to grow larger than that of mature wild-type arbors. These data suggest a critical period for activity to inform dendritic elaboration.
Afferent activity increases the proportion of thin spines
We next examined how increasing afferent activity during dendritic outgrowth (7-16 DPI) affects dendritic spines in WT and Pten KO neurons (Figure 4 ). We selected dendrite segments in the outer two-thirds of the molecular layer and measured the density of dendritic protrusions (protrusions/μm) on each segment (WT veh n = 37 neurons from 4 animals, WT CNO n = 60 neurons from 5 animals, Pten KO veh n=34 neurons from 5 animals, Pten KO CNO n = 24 neurons from 4 animals). Pten loss, but not afferent activity, increased dendritic spine density (WT veh 1.40±0.07, WT CNO 1.46±0.07, Pten KO veh 2.00±0.09, Pten KO CNO 2.26±0.12; 2way ANOVA Pten p < 0.0001, activity p = 0.0868, interaction p = 0.2684). The dendritic spines of Pten knockout neurons were longer than those of wild-type neurons, but afferent activity appeared to attenuate this difference (in μm: WT veh 0.98±0.02, WT CNO 1.03±0.02, Pten KO veh 1.12±0.01, Pten KO CNO 1.05±0.01; 2-way ANOVA Pten p = 0.0013, activity p = 0.8147, interaction p = 0.0165). Vehicle-treated spines of Pten knockout neurons were longer than vehicle-treated WT spines (Tukey's post-hoc p = 0.0004), but the dendritic spines of CNOtreated Pten knockout neurons were not longer than those of CNO-treated WT neurons (p = 0.9313). Overall, increased activity resulted in a decrease in spine head diameter in both the WT and Pten KO neurons (in μm: WT veh 0.34±0.01, WT CNO 0.30±0.01, Pten KO veh 0.33±0.01, Pten KO CNO 0.29±0.01; 2-way ANOVA Pten p = 0.2889, CNO p = 0.0027, interaction p = 0.6989), although post-hoc multiple comparisons did not reveal further differences between groups. With increased afferent activity, both WT and Pten knockout dendritic spines trended toward smaller head diameters (Tukey's post-hoc, WT veh vs. CNO p = 0.1406, Pten KO veh vs. CNO p = 0.1328). Pten knockout had no effect on spine head diameter (WT veh vs. CNO p = 0.9629, Pten KO veh vs. CNO p = 0.7391).
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Because the observed changes to the average spine morphology were subtle, we examined the same dataset using an automated algorithm to classify spines as thin, stubby and mushroom using NeuronStudio (Rodriguez et al., 2008) . Perforant path activation increased the density of thin spines in both WT and Pten knockout neurons ( Figure 4E ; spines/μm: WT veh 0.63±0.06, WT CNO 0.83±0.05, Pten KO veh 0.46±0.04, Pten KO CNO 0.82±0.12; 2-way ANOVA, Pten p = 0.1762, CNO p < 0.0001, interaction p = 0.2204). Pten knockout increased the density of stubby spines ( Figure 4F ; spines/μm: WT veh 0.51±0.04, WT CNO 0.38±0.03, Pten KO veh 0.63±0.04, Pten KO CNO 0.69±0.07; 2-way ANOVA, Pten p < 0.0001, CNO p = 0.4846, interaction p = 0.0365). However, the difference appeared only in CNO-treated animals (Tukey's post-hoc, p < 0.0001); Pten loss did not affect stubby spine density on vehicle-treated neurons (p = 0.2108). There was a weak trend toward decreased stubby spine density on WT neurons in CNO-treated animals (p = 0.1077) but no change on Pten knockout neurons (p = 0.807). Within each genotype, perforant path activity had no effect on the density of stubby spines (WT p = 0.1077, Pten KO p = 0.807). Finally, more mushroom spines were found on Pten knockout neurons regardless of treatment group ( Figure 4G ; spines/μm: WT veh 0.27±0.03, WT CNO 0.25±0.04, Pten KO veh 0.91±0.04, Pten KO CNO 0.74±0.07; 2-way ANOVA, Pten p < 0.0001, CNO p = 0.0395, interaction p = 0.1111). Within each treatment group, Pten knockout neurons had more mushroom spines (Tukey's post-hoc, veh p < 0.0001, CNO p < 0.0001). Perforant path activity had no effect on mushroom spine density in WT neurons (p = 0.9806), and there was a weak trend toward decreased mushroom spine density on Pten knockout neurons in the CNO treatment group (p = 0.0940). These results are consistent with the interpretation that afferent activity, independent of Pten, promotes the presence of thin spines on postsynaptic granule neurons. In addition, they suggest the possibility of a corresponding decrease in stubby spines on WT neurons and mushroom spines on Pten knockout neurons.
Afferent activity does not alter sEPSC frequency
We next examined the resting membrane properties and excitatory post-synaptic currents using whole-cell patch clamp recordings from 16-20-day-old WT and Pten knockout granule neurons after having chemogenetically increased perforant path activity from 7-16 DPI 43.4±4.6; 2-way ANOVA, Pten p < 0.0001, treatment p = 0.2207, interaction p = 0.2826). This occurred in both treatment groups (Tukey's post-hoc, veh p < 0.0001, CNO p < 0.0001), and the capacitance of neither genotype changed with activity (WT p = 0.9995, CNO p = 0.3631). The effects of Pten loss on the neurons' physiology are consistent with what we have previously observed (Luikart et al., 2011; Williams et al., 2015) . These data do not support a role for perforant path activity affecting membrane physiological properties during this window.
In the same sample, we measured the degree to which granule neurons had integrated into the synaptic circuitry by recording spontaneous EPSCs (sEPSCs; Figure 5C ). Compared to WT neurons, Pten knockout neurons had increased sEPSC frequency. Perforant path activation had no effect ( Figure 5D ; in Hz: WT veh 0.39±0.09, WT CNO 0.51±0.09, Pten KO veh 1.31±0.32, Pten KO CNO 1.43±0.23; 2-way ANOVA, Pten KO p <0.0001, treatment p = 0.5418, interaction p = 0.9962). Pten knockout neurons had increased sEPSC frequency within each condition (Tukey's post-hoc, veh p = 0.0211, CNO p = 0.0034). Perforant path activation (CNO) did not alter frequency in either WT (p = 0.9705) or Pten knockout (p = 0.9738) neurons.
sEPSCs from Pten knockout neurons had a greater amplitude than those from WT neurons ( Figure 5E-F) , but perforant path activation did not affect sEPSC amplitude (in pA: WT veh -13.5±0.7, WT CNO -12.7±1.0, Pten KO veh -22.4±2.7, Pten KO CNO -18.6±1.3; 2-way ANOVA, Pten p < 0.0001, treatment p = 0.1262, interaction p = 0.3399). Like frequency, amplitude was increased in Pten knockout neurons in both conditions (Tukey's post-hoc, veh p = 0.0019, CNO p = 0.0130), and perforant path stimulation did not affect amplitude in either genotype (WT p = 0.9739; Pten KO p = 0.3055). The rise time of sEPSCs was unaffected by Pten knockout and treatment (in ms: WT veh 1.02±0.06, WT CNO 1.05±0.04, Pten KO veh 1.05±0.03, Pten KO CNO 1.18±0.04; 2-way ANOVA, Pten p = 0.0865, treatment p = 0.0969, interaction p = 0.2790).
The half-width and decay time constant of sEPSCs was unchanged by Pten loss and perforant path activation (half-widths, in ms: WT veh 4.18±0.31, WT CNO 4.56±0.27, Pten KO veh 4.59±0.23, Pten KO CNO 5.39±0.31; 2-way ANOVA Pten p = 0.0411, treatment p = 0.0552, interaction p = 0.4787; decay τ, in ms: WT veh 3.57±0.22, WT CNO 4.02±0.30, Pten KO veh 4.01±0.26, Pten KO CNO 4.65±0.34; Pten p = 0.0901, treatment p = 0.0864, interaction p = 0.7526). Similarly, we did not observe any effects in control animals treated with CNO but J o u r n a l P r e -p r o o f lacking hM3D expression (Supplemental Figure 2) . While the effect of increasing perforant path activity was not significant for any one comparison, there was a consistent trend towards decreased amplitude, slower rise-time, longer half-width and slower decaying sEPSCs in both WT and Pten-KO neurons.
Discussion
Pten is an upstream negative regulator of signaling pathways that transform synaptic activity into structural and functional changes within the neuron. We therefore determined whether Pten influenced the normal sculpting of developing circuits by synaptic activity. To this end, we compared wild-type and Pten knockout postnatally generated granule neurons as they integrated into the synaptic circuitry of the dentate gyrus.
Activity-driven dendrite morphogenesis
In wild-type neurons, activity promoted increased branch formation as well as lengthening of existing branches, leading to a larger and more elaborate dendritic arbor. This is consistent with the work of others showing that network activity in the first two weeks after mitosis can dramatically increase the rate of arborization in postnatally generated granule neurons (Alvarez et al., 2016; Bergami et al., 2015) . This effect of activity stands in stark contrast with the effect of activity on Pten knockout neurons, in which, despite their increased mTOR activity, increased synaptic activity did not cause any net change in dendritic length. Pten knockout neurons may have responded to increased network activity with an increase in new branch formation. However, the observation that treatment with CNO alone increases the number of dendritic branch indicates that this may have been an effect of CNO.
This discrepancy in dendritic outgrowth between wild-type and Pten knockout neurons could be explained if Pten knockout neurons reach a maximum dendritic length earlier than wildtype neurons, then simply stop growing. However, at our 24-day timepoint, Pten knockout neurons were more arborized than at the 16-day timepoint, and their arbors were ~25% longer than those of 24-day-old wild-type neurons. This is quite similar to the size difference between 16-day-old wild-type and Pten knockout neurons in the high-activity condition. Although our experiment ended with 24-day-old neurons, others have observed continued growth in the dendritic arbors of Pten knockout neurons up to weeks or months after neurogenesis (Arafa et al., 2018; Chow et al., 2009) . Therefore, some other factor must account for the lack of increased growth observed in synaptically activated Pten knockout neurons.
Our favored interpretation for the lack of activity dependent-developmental growth in Pten KO neurons is that signals that instruct dendrite growth, such as intracellular growth J o u r n a l P r e -p r o o f Journal Pre-proof pathways and the activation of neurotrophin and glutamate receptors, depend on components inhibited by Pten. Therefore, Pten loss results in the mTOR-dependent machinery being driven to near-maximum capacity, preventing dynamic regulation by activity-dependent trophic signals.
Synaptic connectivity
The only change in dendritic spines observed in response to increased perforant pathway activity was an increased proportion of thin or filopodial spines in both wild-type and Pten KO cells. This suggests that more synapses should display immature properties in response to perforant path activation. Consistent with this prediction, there was a trend towards decreased amplitude sEPSCs with slower kinetics after perforant path activation. This change was not statistically significant; therefore, any changes to synaptic properties are subtle at most.
It should be noted that because morphological phenotypes are more accurately measured than phenotypes measured by whole-cell patch clamp, statistically significant changes are often noted using smaller sample sizes. Ultimately, larger sample sizes or more nuanced methodology may be required to determine the precise physiological changes that occur in this or similar paradigms of afferent activation.
We saw no change in the density of dendritic spines nor in the frequency of spontaneous synaptic input after increasing activity. A similar manipulation of afferent activity performed in older animals showed that afferent activity could transiently increase dendritic spine density in postnatally generated granule neurons during a tight critical period from 9-11 days after mitosis (Alvarez et al., 2016) . However, there are differences between the maturation of granule neurons generated in the early postnatal and adult brains, including that neurons mature faster in the early postnatal brain Zhao et al., 2006) . Therefore, it is possible that our 7-16-day window of increased activity either missed this critical period or extended long enough afterwards for spine densities to normalize. Alternatively, new spine formation on granule neurons in the mature brain may have a greater requirement for network activity, while in the immature brain spinogenesis may rely more heavily on cell-intrinsic processes. At 16 DPI, Pten knockout neurons had more mushroom spines, consistent with a role for mTOR in synapse maturation (Henry et al., 2017; Kumar et al., 2005; Tang et al., 2002) .
The only change in synaptic morphology we observed due to increased activity was a tendency toward an increased proportion of thin or filopodial spines in both cell types during the early window. These are unlikely to be de novo filopodia or spines, since we saw no change in the overall density of dendritic protrusions. Instead, broad network activation may have driven selective maturation of a subset of spines while inhibiting maturation in the remaining majority.
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We observed the expected physiological differences between wild-type and Pten knockout neurons: decreased membrane resistance, increased capacitance, and increased frequency and amplitude of spontaneous excitatory synaptic events. Surprisingly, our manipulation of network activity did not alter any of these properties. The wild-type neurons in the activated networks had a ~80% increase in total dendrite length and a similar density of dendritic spines to the control wild-type neurons. We therefore expected them to have an ~80% increase in the total number of synapses, and therefore a similar increase in spontaneous synaptic events. Instead, we found no significant increase in spontaneous synaptic events. It is possible that many of the additional dendritic spines on these neurons were 'silent synapses', which make up a large portion of the synapses on young granule neurons (Chancey et al., 2013 ). An alternate possibility which we did not explore is that DREADD-mediated excitation of the perforant path decreased the spontaneous firing or release frequency at these synapses.
The retroviral method used to target granule neurons in this study resulted in sparse Pten knockout in the granule cell layer. It was recently demonstrated that the effects of Pten knockout on dendritic and synaptic growth phenotypes depend on the density of Pten knockout in the experimental system, with increased knockout density resulting in a relative increase in dendritic growth and attenuation of synapse formation (Arafa et al., 2018; Skelton et al., 2019) .
The results presented here reinforce the hypothesis that increased network activity in dense knockout environments drives the increased dendritic growth. Therefore, the mechanisms linking Pten to activity-dependent dendrite outgrowth are therapeutically relevant.
The DREADD system
The chemogenetic ligand CNO does not cross the blood-brain-barrier, but instead is metabolized to the blood-brain-barrier penetrant clozapine (Gomez et al., 2017) . Although the 1mg/kg dose used here is typically considered subthreshold for behavioral effects, we tested for physiological effects of CNO that are independent of its designer receptor. We found that CNO alone increased the dendritic branching (Supplemental Figure 1B) , membrane capacitance (Supplemental Figure 2B) , and sEPSC amplitude of newborn neurons. The physiological phenotypes were not observed when the hM3D receptor was expressed in the entorhinal cortex.
This highlights the importance of controlling for the effects of ligands when using chemogenetics. However, the capacitance and sEPSC amplitude values observed in the CNOtreated control group all fell within the ranges normally observed for cells of this age, both in these experiments and in previously published work (Espósito et al., 2005; Williams et al., 2015) . Meanwhile, the CNO-induced increase in dendritic branching appears to be subtler (about 1/3 the effect size) than that observed when the entorhinal cortex J o u r n a l P r e -p r o o f was activated with hM3D and CNO together. Therefore, the effect of HM3Dq activation exceeds any effects observed from CNO administration alone. Future work perfecting DREADD systems is warranted.
Implications for autism spectrum disorder
In young wild-type neurons, enhanced afferent activity drove increased dendritic branching and outgrowth. This increased arborization, coupled with unchanged dendritic spine density, results in an increase in the total number of synapses per neuron. However, it does not appear that increased neuronal activity resulted in more overall spontaneous synaptic input onto each neuron. We therefore speculate that homeostatic mechanisms work to regulate synaptic drive onto these cells, despite the increased number of synapses. Because increased dendritic arborization results in the sampling of a larger territory, the neurons with afferent activation during development also likely synapse with more unique inputs. Therefore, activity enhances analysis. (C) Primary dendrites (2-way ANOVA: Pten <0.0001, treatment p = 0.2080, interaction p = 0.2080). (D) Total dendrite length (2-way ANOVA: Pten p < 0.0001, treatment p = 0.0311, interaction p = 0.1692). (E) Number of dendrite branch points (2-way ANOVA: Pten p < 0.0001, treatment p = 0.1687, interaction p = 0.4862). n = neurons(animals), WT veh 41 (7), WT CNO 28 (7), Pten KO veh 38 (8) Pten p <0.0001, activity p = 0.0868, interaction: p = 0.2684). (C) Dendritic spine length (2-way ANOVA: Pten p = 0.0013, activity p = 0.8147, interaction p = 0.0165). (D) Dendritic spine head diameter (2-way ANOVA: Pten p = 0.2889, activity p = 0.0027, interaction p = 0.6989). (E) Density of thin spines (2-way ANOVA: Pten p = 0.1762, CNO p < 0.0001, interaction p = 0.2204). (F) Density of stubby spines (2-way ANOVA: Pten p < 0.0001, CNO p = 0.4846, interaction p = 0.0365). (G) Density of mushroom spines (2-way ANOVA: Pten p < 0.0001, CNO p = 0.0395, interaction p = 0.1111). n = neurons(animals) WT veh 37(4), WT CNO 60 (5) ANOVA: Pten p < 0.0001, treatment p = 0.1262, interaction p = 0.3399). Middle left: sEPSC rise time (2-way ANOVA: Pten p = 0.0865, treatment p = 0.0969, interaction p = 0.2790). Middle right: sEPSC half-width (2-way ANOVA: Pten p = 0.0411, treatment p = 0.0552, interaction p = 0.4787). Right: sEPSC decay time constant (2-way ANOVA: Pten p = 0.0901, treatment p = 0.0864, interaction p = 0.7526). n = neurons(animals), WT veh 10(3), WT CNO 16 (5) 
